Shear-induced multilamellar vesicle (MLV) formation has been studied by coupling the small-angle neutron scattering (SANS) technique with neutron spin echo (NSE) spectroscopy. A 10% mass fraction of the nonionic surfactant pentaethylene glycol dodecyl ether (C 12 E 5 ) in water was selected as a model system for studying weak inter-lamellar interactions. These interactions are controlled either by adding an anionic surfactant, sodium dodecyl sulfate, or an antagonistic salt, rubidium tetraphenylborate. Increasing the charge density in the bilayer induces an enhanced ordering of the lamellar structure. The charge density dependence of the membrane bending modulus was determined by NSE and showed an increasing trend with charge. This behavior is well explained by a classical theoretical model. By considering the Caillé parameters calculated from the SANS data, the layer compressibility modulusB is estimated and the nature of the dominant inter-lamellar interaction is determined. Shear flow induces MLV formation around a shear rate of 10 s 1 , when a small amount of charge is included in the membrane. The flow-induced layer undulations are in-phase between neighboring layers when the inter-lamellar interaction is sufficiently strong. Under these conditions, MLV formation can occur without significantly changing the inter-lamellar spacing. On the other hand, in the case of weak interlamellar interactions, the flow-induced undulations are not in-phase, and greater steric repulsion leads to an increase in the inter-lamellar spacing with shear rate. In this case, MLV formation occurs as the amplitude of the undulations gets larger and the steric interaction leads to in-phase undulations between neighboring membranes. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Lyotropic liquid crystals comprising amphiphilic molecules in hexagonal, lamellar, and cubic geometries have attracted a lot of interest in various fields across physics, chemistry, and biology. It is known that these ordered structures can transform with a change of external stimuli such as temperature, pressure, or concentration. Shear flow is also known to lead to structural transformation in these systems, and many studies about the shear effects on lyotropic phases have been reported.
For more than 20 years, many researchers have investigated shear effects on the lamellar phase by means of microscopy, nuclear magnetic resonance, and small angle a) Electronic mail: youheik@tmu.ac.jp b) Y. B. Melnichenko is deceased as of 18 March 2016. He contributed this paper as an expert on small-angle neutron scattering. c) Electronic mail: mnagao@indiana.edu d) Electronic mail: hideki.seto@kek.jp light/X-ray/neutron scattering. Generally, the lamellar bilayer stacking is aligned with the shear flow. Alternatively, Roux et al. have reported that with increasing shear rate, the aligned bilayers stack periodically to form multi-lamellar vesicles (MLVs), or "onions," which fill all the space of a solution without excess water. 1, 2 Interestingly, MLV formation in these systems is associated with shear-thickening rheological behavior. Due to these interesting properties, the shear-induced structural and rheological transitions in nonionic and ionic surfactant solutions have been frequently studied in recent years. One successful model that explains the MLV formation is the "buckling" model proposed by Zilman and Granek, 33 in which the bending and buckling of the aligned bilayer stacks occur at a critical shear rate and planar bilayer stacks transform to MLVs with a polyhedral shape. The critical shear rate or buckling wavelength are expressed in the model using the bending rigidity of bilayers κ and the compressibility modulusB. [33] [34] [35] Therefore, κ and inter-lamellar interactions expressed throughB are key controlling parameters for MLV formation. [33] [34] [35] A comparison between a theoretical model and an experimental result was reported for the elastic properties of the membranes by Zhou and colleagues, but quantitative agreement was not observed. 19 The relation between the elastic moduli and MLV formation has not been clarified experimentally, i.e., the elastic moduli have not been estimated systematically using experimental techniques in lamellar phase solutions where the onion phase is induced by shear flow.
In this article, we have focused on MLV formation under shear flow in dilute lamellar phase solutions of C 12 E 5 /water with varying inter-lamellar interactions. The interactions were controlled by adding charged molecules to the nonionic membranes. The effect of charge in nonionic surfactant membranes on the onion formation and rheological properties has been investigated previously by other researchers. 19, 36, 37 They claimed that the increase of the electrostatic repulsion results in a stiffening of the membrane that suppresses layer undulations. Here, we determined the dependence of κ andB on the charge density by means of small-angle neutron scattering (SANS) and neutron spin echo (NSE) and discuss the relation between the elastic moduli and the MLVs formation, which was investigated with simultaneous SANS and rheology measurements (rheo-SANS).
II. EXPERIMENTAL
Pentaethylene glycol dodecyl ether, C 12 E 5 , was used as the nonionic surfactant and the main component of the bilayer dispersed in D 2 O. Here, D 2 O was employed to enhance the neutron scattering contrast between the bilayer and the solvent. Charge density in the non-charged bilayers was controlled by the addition of an anionic surfactant, sodium dodecyl sulfate (SDS). To check the generality of adding a charged agent, the addition of an antagonistic salt, rubidium tetraphenylborate (RbBPh 4 ), was also investigated. Note that the hydrophilic cations and hydrophobic anions of an antagonistic salt are preferentially dissolved in water and oil regions, respectively, and a cation and anion pair acts like a surfactant molecule such that the interfacial tension between water and oil regions is decreased. [38] [39] [40] [41] [42] [43] [44] Thus, it is expected that hydrophobic anions are incorporated in the hydrophobic part of non-charged bilayers, while the hydrophilic cations remain in the water region, and that the antagonistic salt plays a similar role to the anionic surfactant. C 12 E 5 (purity > 98%) was purchased from Nikko Chemicals, RbBPh 4 (purity 95%) from SIGMA Aldrich, SDS (purity better than 97%) from Tokyo Chemical Industry, Co., and D 2 O (99.9% D) from Cambridge Isotope Laboratory, Inc., respectively.
The molar ratio between charged species and C 12 E 5 , C, was varied between 0.001 ≤ C ≤ 0.04, in order to control the surface charge density and the inter-layer interaction. The mass fraction of the nonionic surfactant and charged species was kept constant at 0.1. Non-charged C 12 E 5 molecules in water has been one of the classical microemulsion systems and, as such, the phase behavior is well-known. 45 When C 12 E 5 with a mass fraction of 10% is dissolved in water, a micellar phase (L 1 ) appears at low temperature, while a lamellar phase (L α ) exists around 60
• C. A further increase in temperature results in the formation of a sponge phase (L 3 ), which appears only across a very narrow temperature range. The addition of a charged species changes the phase behavior as shown in Fig. 1 . Figure 1(a) shows the phase diagram with added SDS. If more SDS is added, the low temperature phase separation region is reduced in size, while the size of the sponge region does not change significantly. These characteristics are consistent with the phase behavior known in the literature. 46 The mixture with RbBPh 4 was found to have a very similar phase diagram, as shown in Fig. 1(b) . This suggests that an antagonistic salt plays the same role as a cationic surfactant in modifying the charge of the non-ionic surfactant bilayers.
SANS experiments were conducted on the CG2 General Purpose SANS at the Oak Ridge National Laboratory (ORNL), and the NG7-30 m SANS instrument at the National Institute of Standards and Technology (NIST). 47 The measured momentum transfer, q, ranged from 0.04 nm 1 to 5 nm 1 . These instruments were used to investigate charge effects on the structure at steady state. In order to measure the SANS profile under shear flow, a rheo-SANS setup 48 was used at the NGB-10 m SANS at the NIST. Since a wide phase separation region exists below the L α phase, we could not reach a stable L α phase by increasing the temperature from the L 1 phase. Instead, we loaded the sample in the L 3 phase, which appears at a higher temperature than the L α phase, then cooled the sample temperature down to the target temperature of (58 ± 1.5) • C. We confirmed that the sample appearance did not change in this process by visual inspection, which supports the formation of L α at T = 58 • C. Using this approach, we could reach the L α phase in the rheometer and avoid phase separation during sample loading. The measured q range was from 0.1 nm 1 to 1 nm 1 for the rheo-SANS setup. The data reduction procedures at each facility were used to reduce the SANS data, 49 and some of the data analysis was performed using Sas View. 50 NSE experiments were performed using the NGA-NSE spectrometer at the NIST. 51 NSE measures the bilayer bending elastic constants, and therefore charge effects on the bending modulus, κ, were extracted. The incident neutron wavelengths were 8 Å and 11 Å so that we reach the maximum Fourier time of 40 ns and 100 ns, respectively. The measured q range was from 0.4 nm 1 to 1.7 nm 1 . The temperature was controlled in demountable titanium cells with quartz windows using a water circulating bath system. The sample temperature was set at 58
• C within the deviation of ±1.5 • C. The measured data were corrected against the standard elastic scattering sample and the background using the DAVE software. 52
III. RESULTS AND DISCUSSION
A. Steady state structure Figure 2 (a) presents the charge density dependence of SANS profiles as a function of added SDS. Although a binary mixture of a mass fraction of 10% C 12 E 5 in D 2 O is known to form lamellar structures at T = 58
• C, the present SANS pattern does not show any significant peaks from the aligned lamellar layers. The form factor region is explained well using the model function proposed by Nallet et al. 53 This model, combined with visual inspection, suggests that this pattern originates from the randomly oriented lamellar structures. When a small amount of SDS is added to the nonionic bilayer, 1 SDS molecule to 1000 C 12 E 5 molecules already has a significant effect on the interaction between the layers. A broad peak appears around q = 0.2 nm 1 , which comes from the interlayer spacing unit of the lamellar structure. This peak becomes sharper as the SDS content is increased up to the maximum charge concentration tested (C = 0.04). The position of the first peak seems slightly modulated with increasing SDS concentration but the change is not significant. 53 Error bars represent ±1 standard deviation throughout the paper. Figure 2 (b) displays the SANS profiles for the case where RbBPh 4 is added to the system. It is clear that the concentration dependence of the SANS profile is very similar to that for SDS. This indicates that the antagonistic salts are distributed in the C 12 E 5 bilayers and contribute to the interlayer interaction to a similar degree compared to the SDS. Similar trends for the scattering peak growth and peak location were observed for various other antagonistic salt conditions (data not shown). Thus, it has been confirmed that the addition of the antagonistic salt modifies the inter-bilayer interaction in the same manner as the SDS. Note that a hydrophilic salt, such as NaCl, did not alter the scattering pattern of the pure C 12 E 5 membranes at this low concentration, since the hydrophilic salt dissolving in the water phase does not have a significant charge contribution to the interlayer interaction.
As shown in Fig. 2 , the scattering theory to describe the lyotropic lamellar phase of surfactant solutions 53 explains our scattering results quite well except for deviations in the lowest q regions. These deviations suggest a larger scale structural inhomogeneity that may perturb the scattering intensity. Based on the model fit that accounts for the instrumental resolution smearing, we can deduce the mean repeat distance of the lamellar, d, the average thickness of the lamellar, δ, and the Caillé parameter, η cp , which is related to the membrane elastic constants. Figure 3 shows the charge density dependence of these parameters. This result indicates that δ is almost constant when charged species are incorporated into the nonionic surfactant bilayers, while d may get smaller at low concentration and stays almost constant at higher charge conditions. A similar trend of the change in d was reported by Bergmeier et al. for mixed nonionic and ionic surfactants tetradecyldimethylamineoxide (TDMAO) and tetradecyltrimethylammonium bromide (TTABr) bilayers. 6 The Caillé parameter, η cp , can be expressed as 53, 54 
where q p denotes the position of the first sharp correlation peak between bilayers, k B T is the thermal energy, κ is the bending modulus, andB is the compressibility modulus. As demonstrated in Fig. 3(b) , η cp is strongly dependent on the amount of charge. In the next section we use NSE to determine the bending modulus of the membrane κ and will discuss the effect of charge on the structure and dynamics more in detail. Fig. 4 for the case of C 12 E 5 bilayers dispersed in D 2 O at C = 0.001 (RbBPh 4 has been added to the membrane). In the present system, without charged species, it has been established that the bilayer displays non-interacting undulation fluctuations, and a theoretical model to describe single membrane dynamics proposed by Zilman and Granek 55 explains the NSE result well. 56 The model is expressed as
B. Steady state equilibrium dynamics

NSE measures the intermediate scattering function, I(q, t)/I(q, 0), as a function of q and Fourier time t, which is shown in
where γ is a parameter close to unity originating from averaging the angle between the wavevector q and a vector normal to the bilayer, and η D 2 O is the viscosity of water. The present NSE result indicates that the Zilman-Granek model explains the data with the addition of a small amount of charged species quite well, even at the highest condition of C = 0.04 as shown in the inset of Fig. 4 . The excellent agreement with the scaling behavior of the Zilman-Granek model validates its use here. However, it is known that this model cannot estimate the absolute value of bending rigidity precisely because of the internal friction of the membranes. In order to solve this problem, we employed a simple treatment, whereby an effective solvent viscosity approximately three times of η D 2 O is used to estimate reasonable values of κ under the assumption of γ = 1. 57, 58 This treatment contains an arbitrary factor that assumes an effective viscosity of between 2 and 4 times that of η D 2 O . [58] [59] [60] In a previous study, a factor of three worked well for a similar lamellar system with changing charge interactions. 61 Watson and Brown 62 presented a source of the discrepancy between the Zilman-Granek prediction and actual estimates of κ as an internal layer friction, originally considered by Seifert and Langer. The estimated κ for pure C 12 E 5 , with SDS, and with RbBPh 4 are plotted in Fig. 5 , which shows a monotonic increase of κ with C. The trend and magnitude of κ are comparable with the previous works on similar surfactant systems. 61, 64, 65 The contribution of charge to the bending modulus κ c has been considered as an additive term to the geometric contribution κ g . [66] [67] [68] [69] [70] [71] [72] The prediction used by Schomaecker and Strey 64 is based on the one proposed by Harden and colleagues 69 and is described as κ c = 3k B T/4πκ 3 D l B l 2 GC , where κ −1 D is the Debye length defined as κ −1 D = r 0 k B T /2ne 2 , r is the dielectric constant of the solution, 0 is the vacuum permittivity, n is the charge number density, and e is the electric unit charge. l B and l GC are the Bjerrum length given by l B = e 2 /4π r 0 k B T and the Gouy-Chapman length given by l GC = e/2πl B σ with σ the surface charge density, respectively. The dashed line in Fig. 5 indicates the result from the above calculation assuming the dissociation rate of 25% as measured in a C 12 E 4 /SDS/water/octane system, 61 which explains the experimental result well. Note that this tendency contradicts the experimental results given by Farago and Gradzielski; 73 the bending modulus of TDMAO monolayer does not change with the addition of TTABr. This discrepancy may originate from the differences between the samples and the geometry of the membranes.
Here, we combine both SANS and NSE data to understand charge effects on the steady state structure and dynamics in more detail. We observed a weak charge dependence of the interlamellar repeat distance, d, while an almost constant bilayer thickness, δ, was calculated from the SANS data. The reduction of d with charge has been explained as the suppression of undulation fluctuations due to interlayer charge interactions. 74 The dilution law d = δ/φ, where φ is the volume fraction of the bilayer, can be modified due to the membrane undulation and expressed as d = δ(1 + ∆A A )/φ where A is the area of the undulating bilayer projected on the normal plane and ∆A + A is the average of the true area of the bilayer. In order to capture the charge effects on the bilayer undulations, de Vries proposed comparing the relative change in the dilution relation from an experiment and area change from theory as 74
where (∆A/A) n is given by
and x m = q m d w ,n /2 with q m = 2π/δ, d w,n is the water layer thickness of species n, κ n is the experimentally determined bending modulus of species n from the NSE, and Λ = 2d w /l GC . The dimensionless functions f e (x, Λ) and f 0 (x, Λ) refer to the even and odd mode of the undulations, respectively, and the explicit expressions are given elsewhere. 74 Following the previous studies, 61, [74] [75] [76] we calculated values for the difference in the bilayer area change at a given C, (∆A/A) 2 with respect to a reference value (∆A/A) 1 and the results are shown in Fig. 6 . The reference point was chosen to be C = 0.001 for both SDS and RbBPh 4 cases. Calculations indicate a monotonic decrease of the area difference with increasing charge. This trend explains the experimental data points above C = 0.01. In between C = 0.001 and 0.01, the deviation between the experiment and calculation is unacceptably large. This suggests that in this range, the reduction of undulation fluctuations due to the increase in the bending rigidity of membranes cannot explain the change of the value of d. As was discussed in a similar system, 61 this difference may come from structural modifications, for example, vesicle formation as suggested previously. 64, 69 Indeed, the SANS profile obtained in this region shown in Fig. 2 indicates increased intensity at low q region (C = 0.002), which represents a longer range inhomogeneity in the system. It is noted that this tendency may be true for C = 0.001 as well, but the increase in the low q intensity is not as large as the case for C = 0.002 and we treat this in the same type of lamellar structure as the larger charge conditions. After estimation of κ by NSE, the only unknown parameter in Eq. (1) isB of the bilayer. The value ofB can thus be calculated, as shown in Fig. 7 . This parameter indicates the layer compressibility modulus at constant chemical potential, which relates to the interactions between membranes. 77 In the case of weakly screened electrostatic repulsions as expected in the present system at high C, the exact form of the interaction potential is calculated from the one-dimensional Poisson-Boltzmann equation. 78 This form ofB is calculated as 79 
and the calculated result is shown in Fig. 7 by the dotted lines. The calculated values ofB el are on the order of 10 4 N/m 2 for all the charge concentrations. These values are at the low end of the scale for electrostatic repulsion and consistent with the values in the literature. [81] [82] [83] Therefore, in the large C regions, the membranes are primarily stabilized by the electrostatic repulsions. In the small C regions, the electrostatic interactions are not sufficient to stabilize the membranes, while steric repulsion due to thermal undulations of membranes 84 explains the experimental data much better. The value ofB for the undulating membranes is calculated as 85 59 Therefore, we conclude that our membranes at low C are thermally fluctuating and the interaction is weak. It is noted here that the structural modifications at the intermediate regions of C may come from the fact that the interlayer electrostatic and steric interactions are competing with each other, which affects the stability of the structure. Figure 8 represents the shear rate,γ, dependence of the solution viscosity in a C 12 E 5 /SDS/water system with varying C from 0 to 0.02. The data show a clear trend of shear thickening and then thinning when a charged surfactant is added to the nonionic surfactant bilayers. The critical shear rateγ c as the maximum of the viscosity shifts to higherγ as the amount of SDS is increased. A similar trend was observed when the antagonistic salt RbBPh 4 is added to the C 12 E 5 /water system. Although the shear thickening behavior is clear with charged molecules present in the system, the non-charged C 12 E 5 /water system does not display a clear increase in the viscosity, though a slight shoulder is seen aroundγ c = 3 s 1 . The sharpness of the peak shape seems to vary with C, with a broader peak apparent for smaller C. A similar shearthickening behavior and the peak shape variation were reported in TDMAO/TTABr/hexanol/water systems. 5, 6 We suspect that the changes in the peak shape relate to the strength of the interlamellar interactions. When C is increased, the electrostatic repulsion is enhanced and the buckling occurs cooperatively. As a result, the viscosity peak becomes narrower and the apparent viscosity increases with increasing charge density.
C. Structure under shear flow
Shear thickening behavior in the lamellar phase has been discussed in conjunction with the MLV formation under shear. In those cases, anisotropic scattering patterns change to isotropic ones due to vesicle formation. 1, 32, 88 Figure 9 shows a course of SANS patterns while changingγ. Fig. 9(a) ], the planar lamellar structure is aligned in the direction parallel to the flow at lowγ, while more isotropic scattering is observed aroundγ = 10 s 1 , and eventually aṫ γ = 500 s 1 , the lamellar is again aligned parallel to the flow direction. In the tangential direction [ Fig. 9(b) ], theγ dependence is less pronounced. Asγ is increased, the scattering pattern becomes isotropic atγ ≈ 10 s 1 , while an anisotropic scattering pattern is again observed at higher shear rates. The annular average at q ≈ 0.2 nm 1 where the lamellar scattering peak is observed is presented in Figs. 9(c) and 9(d) for radial and tangential configurations, respectively. Again, the above mentioned anisotropic to isotropic to anisotropic scattering patterns are evident with increasingγ. The present rheo-SANS result indicates that isotropic scattering is observed where the rheology measurement shows shear thickening and this is typical of the planar lamellar to MLV transition. Once MLVs are formed, the space is filled with spherical MLVs and isotropic scattering dominates the scattering pattern.
We measured rheo-SANS for RbBPh 4 /C 12 E 5 /D 2 O and SDS/C 12 E 5 /D 2 O at different levels of charged species, and similar anisotropic to isotropic to anisotropic scattering patterns are observed as we increaseγ for all these conditions. This implies that the initial state without shear flow is always the planar lamellar structure even at the large C conditions, and the data confirm that the shear thickening originates from the MLV formation. The critical shear rate showing the maximum viscosity increases with increasing charge amount in the bilayer, which indicates that MLV formation becomes less likely with increasing charge. Since the bending modulus measured by NSE increases with increasing charge content, buckling of the bilayers becomes less preferable and that reduces the likelihood of MLV formation. In the previous studies with TDMAO and TTABr membranes, 5, 6 an opposite trend, where the critical shear rate decreases with increasing membrane charge density, was observed. These systems show vesicle formation without shear in the high charge density cases, and they speculated that the incorporation of charge in the membranes induces a reduction of the Gaussian modulus,κ. A similar behavior, where the critical shear rate decreases with increasing charge, was also observed in a different surfactant system. 19 This system also forms a vesicle structure at high charge, in the absence of shear; however, in this case, the critical shear rate did increase slightly with charge at a lower concentration. This suggests that the system we present in this work is most similar to the low charge conditions in this other study.
In order to verify how the strength of the interlayer interaction affects the behavior, we calculated theγ dependence of the mean repeat distance d. Figure 10 for the C = 0.02 sample, the data show almost the same trend as the data in the literature. 36 In the larger interlayer interaction case, the value of d stays almost constant atγ ≤ 20 s 1 where the viscosity almost reaches a maximum, and then decreases with increasingγ.
On the other hand, in the weaker interaction case at C = 0.001, we see slightly different behavior. Both in the neutral and gradient directions, the value of d increases withγ aṫ γ ≤ 10 s 1 , while the flow direction shows an almost constant value of d. As seen in Fig. 8 , the solution viscosity increases towardγ ≈ 10 s 1 , where MLV formation is expected. Furthermore, in the two-dimensional SANS pattern, we observed isotropic scattering patterns at 7 s −1 ≤γ ≤ 100 s 1 . Therefore, this trend of increasing d toward MLV formation is thought to be a signature of structural changes necessary for MLV formation. The value of d in the steady state, i.e.,γ = 0, is observed to be d = 33 nm, and the value of d was almost constant at the low shear rates forγ < 1 s 1 (d ≈ 32 nm). Increasing the dspacing is thus induced by the increased undulations due to the flow. This corresponds to the increase of the buckling instability, suggested theoretically 33 and confirmed experimentally, 32 leading to onion formation. As a matter of fact, if we calculate the change of the excess area due to the change in the undulation using de Vries theory [Eq. (3)], 74 we see about a 1 k B T drop of the bending rigidity fromγ = 1 s 1 toγ = 10 s 1 . This kind of reduction is seen in both the flow and gradient directions and indicates increased undulations in these directions. We believe the present result provides further evidence that the buckling instability induces MLV formation, and that, even in the weak interlayer interaction cases, the mechanism of the MLV formation is through the buckling.
In the strong inter-lamellar interaction cases, the undulations are more or less in-phase, and the shear flow induces an increase of the in-phase undulation fluctuations, which leads to MLV formation through buckling instability. For the weaker interaction case, the flow-induced undulations are outof-phase between neighboring membranes. The flow-induced undulations increase the steric repulsion between membranes, which is responsible for the increase in d. As the steric interactions get larger, the undulations become more in-phase and eventually overcome the threshold for MLV formation. When the inter-membrane interactions are even smaller, like the case of no-charge membranes in the present experiment, shear flow induces further undulations, where neighboring membranes are out-of-phase. As the shear rate increases, the amplitude of the undulations gets larger, while the steric repulsion between the membranes is not strong enough to buckle them together. As such, the system still prefers to transform to vesicular structures. In this case, unilamellar vesicles instead of MLVs would be induced as was suggested by a theoretical study. 31 The shoulder seen in the viscosity data (Fig. 8 ) may come from this type of structural change.
Before closing the discussion, we should note that there are some remaining issues to be solved. First, is the observation of a lower viscosity at low shear rate for C = 0.001 compared with that at C = 0. We would expect that larger interlamellar interactions induce a higher apparent viscosity, which is confirmed at high shear rate, but not at low shear rate (see Fig. 8 ). The second issue is the different dependence of the Caillé parameters of the samples with SDS and RbBPh 4 when a small amount of charge is added (see Fig. 3 ). This may reflect the different charge distribution within the membranes. The SANS profiles at C = 0.002 in Fig. 2 show a more asymmetric shape of the scattering peak for the sample with SDS. This suggests some kind of inhomogeneity in the lamellar membranes that is more pronounced in the SDS containing bilayers. Since these issues are not essential for the present study and further systematic experiments are necessary, we leave them as future problems.
IV. CONCLUSION
In the present paper, a combination of conventional SANS, rheo-SANS, and NSE has been used to demonstrate shearinduced multilamellar vesicle (MLV) formation in a mass fraction of 10% C 12 E 5 aqueous solution. By controlling the inter-lamellar interactions through the addition of anionic surfactant SDS or antagonistic salt RbBPh 4 , the strength of inter-lamellar interactions and membrane elastic properties is shown to be interconnected with the mechanisms of MLV formation. The rheological behavior of the system shown in Fig. 8 was explained thus: The increase in the viscosity η with increasing the amount of charge, C, is due to the increase in the inter-lamellar repulsive interactions. This was evidenced by the conventional SANS experiment that clearly showed the inter-lamellar correlation peak to be sharper at the highest charge concentrations. Furthermore, through the use of NSE to determine the bending modulus of the membrane, κ, the interaction strength between membranes was verified by calculating the layer compressibility modulusB. Shear thickening occurs due to MLV formation, which was less preferable at higher C (need higher shear to form MLVs), due to a larger κ. In the case when inter-lamellar interactions are sufficiently strong, the inter-lamellar spacing, d, did not change toward MLV formation. This indicates that the buckling instability induced by the flow shifted the membrane undulations closer to being in-phase. Once the MLVs were formed, d got smaller with increasing shear rate due to the water being squeezed out of the MLVs. When charge interactions are weak, however, an increase in d was observed in the flow and gradient directions toward the formation of MLVs, which indicated an increase of undulation fluctuations due to the flow. Since d stays constant if the membrane undulations are in-phase, this supports the existence of out-of-phase behavior, and an increase in the amplitude of the undulations increases the steric repulsion between the membranes. When the repulsion exceeds a certain level, the undulations become more in-phase and MLVs are formed, though if the repulsion stays weaker, then unilamellar vesicles may be formed under shear. The present result confirms that the buckling instability is the primary mechanism to form MLVs even in the weak interaction cases.
As a final remark, we clarify that the interplay between the inter-lamellar interactions and membrane elastic properties governs the buckling instability in the MLV formation process; the bending elasticity plays a major role in the case of weak inter-lamellar interactions, while the interactions override the key role when charge in the membrane is increased as well as inter-bilayer distance is decreased. This evidence could be indispensable information in understanding the mechanism of the shear induced MLV formation. dispatching program for graduate students, Tokyo Metropolitan University, respectively. Certain commercial materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology (NIST) nor does it imply that the materials identified are necessarily the best available for the purpose.
